1. Introduction {#sec1}
===============

Increasingly, global research is focusing on clean, renewable, and sustainable energy production. Some of the more promising alternative methods for the production of energy include wind,^[@ref1],[@ref2]^ solar,^[@ref3],[@ref4]^ hydroelectricity,^[@ref5]−[@ref7]^ or combinations thereof.^[@ref8]−[@ref13]^ Another potentially viable energy source is hydrogen (H~2~), which is an ideal energy carrier for a variety of fuel cell applications, including in stationary, mobile, and portable power applications.^[@ref14]^

H~2~ gas can be produced via a number of technologies, including from carbon-based fuels^[@ref15]^ or from renewable sources such as biomass^[@ref16]^ and water.^[@ref17],[@ref18]^ Among the different routes to the production of H~2~, the non-carbon-based hybrid sulfur (HyS) cycle has shown itself as a promising, potentially large-scale process.^[@ref19],[@ref20]^ In this process, the net reaction is the splitting of water into H~2~ and O~2~ via the electro-oxidation of SO~2~/H~2~SO~4~. In this system, various anode catalysts have been tested,^[@ref20]^ and metallic platinum (Pt) consistently showed both high activity and stability,^[@ref13],[@ref21],[@ref22]^ especially when it was supported on carbon particles. Moreover, Pt is already used as a catalyst^[@ref23]^ in a wide variety of reactions, where water acts as a reactant or spectator, influencing the behavior of the surface.^[@ref24]^

Water has a complex structure; when monolayers are adsorbed on a surface, it does not only form two-dimensional structures, but it can also create three-dimensional structures resembling bulk liquid water.^[@ref25]^ Both computational and experimental works have shown that water molecules on a metal surface are arranged in several layers interacting through an extensive hydrogen-bond network.^[@ref26],[@ref27]^ It is therefore important in computational studies that appropriate long-range dispersion interactions are included in the calculations to describe accurately the water--metal interface,^[@ref28],[@ref29]^ for example, by employing density functional theory (DFT) methods with van der Waals corrections.^[@ref30],[@ref31]^ Another challenge in modeling the adsorption of water on a metallic surface is the high fluctuations in the atomic positions in a liquid, which requires the inclusion of several different configurations^[@ref32],[@ref33]^ in the initial computational setup. It has been shown^[@ref34],[@ref35]^ that the most reliable computational results are not necessarily obtained via the addition of more waters to a surface but, more importantly, by considering the way the water molecules interact with each other through the creation of hydrogen bonds and higher-order structures, including hexamers, heptamers, and octamers. However, the detailed description of the binding of water molecules onto Pt surfaces is still not complete, even though it is important for the improvement of the catalytic properties of the Pt material that we understand the fundamental reaction processes that take place on the Pt catalytic surface. The starting point here will be an in-depth understanding of the interactions between the water molecules and the metal surface atoms.

In this paper, we have used DFT calculations to predict the interaction of water with the Pt (001), (011), and (111) surfaces. We examine the electronic properties of the system, including simulated scanning tunneling microscopy (STM) images, the work function, and local densities of states. Surface phase diagrams have also been generated through consideration of the surface free energies and water chemical potential to determine the effects of temperature and pressure on the surface coverage. The aim of our study was the development of a comprehensive understanding of the water--surface chemistry, including adsorption and desorption and the effect of water on the electrocatalytically active surfaces of platinum metal.

2. Computational Methods {#sec2}
========================

2.1. Calculation Details {#sec2.1}
------------------------

The Vienna Ab Initio Simulation Package (VASP)^[@ref36]−[@ref39]^ was used to simulate the Pt surfaces and their interactions with water. The projector augmented wave (PAW)^[@ref40],[@ref41]^ potential was employed to describe the interaction between the valence and the core electrons. The core electrons of Pt and O were defined up to and including the 5p and 1s orbitals, respectively. For the H atoms, all the electrons were treated as valence electrons. The Perdew, Burke, and Ernzerhof (PBE)^[@ref42],[@ref43]^ functional within the generalized gradient approximation (GGA) was applied in all calculations. Plane waves were included to a cutoff of 400 eV. The Methfessel--Paxton scheme order 1^[@ref45]^ was used with a smearing of 0.05 eV to determine the partial occupancies during geometry optimization, ensuring an electronic entropy of less than 1 meV·atom^--1^. However, the tetrahedron method with Blöchl corrections^[@ref46]^ was used in the final static simulations to obtain accurate total energies, charges, and density of states. The electronic and ionic optimization criteria were 10^--5^ eV and 10^--2^ eV·Å^--1^, respectively, and the conjugate gradient technique was adopted for the geometry optimizations.

Pt has an *Fm*3̅*m* crystal structure.^[@ref47]^ The bulk Pt structure was calculated within a primitive face-centered cubic (fcc) cell using a Γ-centered 17 × 17 × 17 Monkhorst-Pack^[@ref48]^*k*-point mesh. Our calculated fcc Pt lattice constant was 3.926 Å, in excellent agreement with the experimental value of 3.924 Å.^[@ref49],[@ref50]^

The Pt (001), (011), and (111) surfaces were investigated by simulating the periodic p(3 × 3), p(3 × 3), and p(4 × 4) supercells, respectively, which were generated from the bulk using the METADISE code.^[@ref51]^ Vacuum of 15 Å, in the *z* direction, was added to avoid interaction between the neighboring cells. Four atomic layers were considered for the slabs, and the surface areas of the supercells were 138.17, 196.18, and 106.79 Å^2^ for the (001), (011), and (111) surfaces, respectively. The atoms in the two bottom layers of the supercell were fixed in the calculated bulk locations, and the atoms in the remaining two layers were allowed to relax. A Γ-centered 7 × 7 × 1 Monkhorst-Pack *k*-point grid was used in all the surfaces to sample the Brillouin zone.

The unrelaxed (γ~u~) and relaxed (γ~r~) surface energies were determined using [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}, respectivelywhere *E*~slab, u~, *E*~slab, r~, and *E*~Pt, bulk~ are the energies of the unrelaxed slab, the half-relaxed slab, and the bulk, respectively. *N*~Pt, slab~ and *A*~slab~ represent the number of Pt atoms in the slab and the surface area of the slab, respectively. The percentage of relaxation (*R*) was calculated as the difference between the unrelaxed and relaxed surface energies, divided by the unrelaxed surface energy, multiplied by 100.

Atomic charges were obtained using the Bader analysis,^[@ref52]−[@ref55]^ which partitions space into nonspherical atomic regions enclosed by local minima in the charge density. The Tersoff--Hamann^[@ref56]^ approach was used to simulate scanning tunneling microscopy (STM) images. In this approach, the tunneling current is proportional to the local density of states (LDOS) of the surface at the position of the tip integrated between the Fermi level and the applied bias. The STM images were mapped in terms of the height as a function of the tip position over the surface using the HIVE^[@ref57]^ program.

The isolated H~2~O molecule was modeled in a periodic box of 12 × 13 × 14 Å^3^ to ensure negligible interaction with its images of neighboring cells. The Gaussian smearing scheme^[@ref45]^ was used during geometry optimization and energy calculations with a smearing of 0.05 eV. A Γ-centered 1 × 1 × 1 Monkhorst-Pack^[@ref48]^*k*-point mesh was also used. Dipole corrections were added in all directions, and the H~2~O molecule was computed without symmetry.

2.2. Coverage-Dependent Surface Energies {#sec2.2}
----------------------------------------

The average adsorption energy *E*~ads~ per water molecule on the Pt surface was calculated as follows^[@ref58]^where *E*~slab, r~^*N*~w~ ≠ 0^, *E*~slab, r~^*N*~w~ = 0^, and *E*~w~ are the energies of the slab with the water molecules adsorbed, the clean surface, and the isolated water molecule, respectively. *N*~w~ corresponds to the number of adsorbed water molecules.

To determine the thermodynamics of different H~2~O coverages on Pt (001), (011), and (111) surfaces, the surface free energy (σ) is calculated for different temperatures (*T*) and H~2~O chemical potential (μ~w~). The resulting change in surface free energy upon H~2~O adsorption is denoted asSurface coverage (θ) represents the number of adsorbed water molecules (*N*~w~) divided by the total number of adsorption sites (*N*) asθ = 0 indicates that no adsorption has taken place, while θ =1 shows that adsorption has reached a monolayer.

The chemical potential of molecular H~2~O in the gas phase can also be expressed aswhere *E*~w~ is the DFT energy of the H~2~O molecule, Δ*G*~w~(*T*, *p*~0~) is the Gibbs free energy difference per H~2~O molecule between 0 K and *T* at *p*~0~ = 1 bar, which has been extracted from thermodynamic tables.^[@ref59]^ The last term () denotes the free energy change of H~2~O gas at constant temperature (*T*) when the partial pressure changes from *p*~0~ to *p*. To express the chemical potential, independent of the calculated quantities, the energy of water was omitted from [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} and added to [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}.

To determine the effect of H~2~O adsorption on the Pt (001), (011), and (111) surfaces, Wulff morphologies^[@ref60]^ were constructed using the GDIS program.^[@ref61]^ The equilibrium Wulff crystal is constructed, assuming that the distance of the crystal face (*d*~001~, *d*~011~, *d*~111~) to the center of the nanoparticle is proportional to their surface free energies as

3. Results and Discussion {#sec3}
=========================

3.1. Surface Structures {#sec3.1}
-----------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the side and top views of the Pt (001), (011), and (111) surfaces as constructed for our simulations. All three surfaces are planar, bulk-terminated structures, with four layers in each slab. All three surfaces were nonpolar, with the Pt (001) being a smooth surface, Pt (011) being atomically rough and forming channels on the surface, and Pt (111) again being smooth with an fcc arrangement. It has been shown that long-range dispersion approximations influence not only the lattice parameters of a modeled surface, but also the surface energy of the surface.^[@ref62]^ To optimize the geometry of the Pt (001), (011), and (111) surfaces, three different long-range dispersion approximations were tested, including (i) without dispersion interactions (DFT), (ii) the DFT-D2 method of Grimme,^[@ref63]^ (iii) the zero damping DFT-D3 method of Grimme,^[@ref64]^ and (iv) the DFT-D3 method with Becke--Johnson damping.^[@ref44]^

![Side and top views of the Pt (001), (011), and (111) surfaces. The symmetrically inequivalent adsorption sites for H~2~O are indicated, that is, fourfold hollow (4F), bridge (B), atop (A), face-cubic centered (fcc), and hexagonal close packed (hcp) sites. The gold color is used throughout this paper for Pt.](jp9b06136_0010){#fig1}

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows the lattice parameters, relaxed and unrelaxed surface energies, and the surface areas for the Pt (001), (011), and (111) surfaces, as determined using the different long-range dispersion correction approximations. From the lattice parameters, it was seen that the best correlation was obtained using the DFT-D3(BJ) method, followed by the DFT-D3, DFT, and DFT-D2 methods. The experimental lattice parameter of Pt is 3.925 Å,^[@ref65]^ which was overestimated by 0.03 and 1.1% by the DFT-D3(BJ) and standard DFT methods, while with DFT-D3 and DFT-D2, it was under-estimated by 0.2 and 2.1%, respectively. In terms of surface energy, all methods followed the same trend where Pt (111) has the lowest surface energy, followed by the (001) and (011) surfaces. An experimental surface energy of 2.48 J/m^2^ has been reported in the literature,^[@ref66]^ and compared to this prior investigation, the DFT method underestimates the energies by 48, 37, and 65% for the Pt (001), (011), and (111) surfaces, respectively, while DFT-D2 overestimates the energies for all three surfaces by 68, 78, and 60%, respectively. The best correlation for surface energies was with DFT-D3 and DFT-D3(BJ) methods, both of which have less than 18% deviation for all the surfaces with respect to the experiment, which also correlated with the literature.^[@ref67]^

###### Lattice Parameters (*a*) for the Bulk Pt System, Unrelaxed (γ~u~) and Relaxed (γ~r~) Surface Energies, Percentage of Relaxation (*R*) and the Surface Areas (A) for the Pt (001), (011) and (111) Surfaces Calculated with Several Long-Range Dispersion Correction Methods[a](#t1fn1){ref-type="table-fn"}

  surface              parameter       DFT      DFT-D2   DFT-D3   DFT-D3(BJ)                       other works
  -------------------- --------------- -------- -------- -------- -------------------------------- --------------------------
                       *a* (Å)         3.968    3.841    3.918    3.926                            3.924^[@ref49],[@ref50]^
  Pt (001)             γ~u~ (J/m^2^)   1.327    4.170    2.580    2.472                             
  γ~r~ (J/m^2^)        1.294           4.166    2.575    2.462    1.81,^[@ref70]^ 2.17^[@ref69]^   
  *R* (%)              2.48            0.09     0.23     0.40                                      
  *A* (Å^2^)           141.68          132.76   138.17   138.72                                    
  Φ (eV)                                                 5.89     5.66^[@ref70]^                   
  d-band center (eV)                                     --2.24                                    
  Pt (011)             γ~u~ (J/m^2^)   1.639    4.461    2.789    2.691                             
  γ~r~ (J/m^2^)        1.557           4.407    2.710    2.615    1.85,^[@ref70]^ 2.37^[@ref71]^   
  *R* (%)              5.03            1.22     2.83     2.83                                      
  *A* (Å^2^)           200.36          125.16   195.40   196.18                                    
  Φ (eV)                                                 5.49     5.26^[@ref70]^                   
  d-band center (eV)                                     --2.00                                    
  Pt (111)             γ~u~ (J/m^2^)   0.871    3.961    2.209    2.055                             
  γ~r~ (J/m^2^)        0.866           3.961    2.193    2.046    1.49,^[@ref70]^ 2.49^[@ref72]^   
  *R* (%)              0.62            1.05     0.72     0.43                                      
  *A* (Å^2^)           109.07          102.20   106.36   106.79                                    
  Φ (eV)                                                 5.64     5.69^[@ref70]^                   
  d-band center (eV)                                     --2.44   --2.45^[@ref73]^                 

The work function (Φ) and d-band center values for these surfaces were only calculated using the DFT-D3(BJ) method.

A number of calculations were benchmarked using the opt-PBE self-consistent van der Waals functional^[@ref29],[@ref68]^ and found the lattice parameter of 3.841 Å, which compares to the DFT-D2 method. Furthermore, the unrelaxed (γ~u~) and relaxed (γ~r~) surface energies were underestimated at 1.633 and 1.603 J/m^2^, respectively, when compared to 2.17 eV obtained with the modified embedded-atom method.^[@ref69]^

Taking all of the data into consideration, the DFT-D3(BJ) setting gave the best agreement with the experimental lattice parameter, but a range of different values for the surface energy have been reported. Comparing the surface energy determined with the different methods for the three surfaces to the experimental value of 2.49 J/m^2^,^[@ref72]^ it can be seen that the DFT-D3(BJ) method gave the best agreement and was therefore used in the determination of the surface properties and adsorption energies in the following sections.

The work function, a descriptor inversely related to chemical reactivity, was calculated for the pristine Pt (001), (011), and (111) surfaces ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), where it was determined that removing an electron would be the easiest from the (001) surface, followed by the (111) and (011) surfaces. The literature also reports this tendency,^[@ref70]^ with the lowest work function for the (011) surface, followed by (001) and (111) surfaces, which were, however, dependent on the surface area and modeling approximation used. The work function alone cannot be used to predict reactivity though as it is dependent on the surface properties, as well as the temperature.^[@ref74]^

The positions of the d-band center have been used before to explain adsorption tendencies on transition metal surfaces.^[@ref75]^ The general trend is that the higher in energy the occupied d-states, the stronger the bond with a molecule that accepts electrons from the metal. Among the three surfaces, it was calculated ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) that the Pt (111) surface had the highest d-band center energy, followed by the (001) and (011) surfaces. We found that our calculated d-band center for the Pt (111) surface is in excellent agreement with the value of −2.45 eV reported by Xin et al.^[@ref73]^

STM images were simulated for the optimized Pt surfaces and derived from the spatial distribution of the valence band states in the vicinity of the Fermi level (*E*~F~). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows our STM images for the Pt (001), (011), and (111) surfaces. For Pt (001), a checker board-like structure can be seen, which is similar to the pattern reported for Cu(100)^[@ref76]^ and Ag(100).^[@ref77]^ For Pt (011), the grooves formed in the \[001\] direction on the surface are evident, with every second row higher in the surface shown in a darker color, which means that they are closer to the scanning tip. The alternating rows in the \[010\] direction are lower and therefore in a lighter gray color. This missing row arrangement was also reported by Feenstra and Hla^[@ref78]^ for the isostructural fcc Au (110) surface. The STM image of the Pt (111) shows the honeycomb structure of Pt, as reported in previous experimental findings.^[@ref79]^ As these are all pristine surfaces, no deformations or reconstructions were observed.

![Simulated STM images of the Pt (001), (011), and (111) surfaces. The density (ϱ), tip distance (*d*), and bias (Δ*V*) are also indicated.](jp9b06136_0011){#fig2}

3.2. Single H~2~O Molecule Adsorption {#sec3.2}
-------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the side and top views of the Pt (001), (011), and (111) surfaces, where we have indicated all the possible unique adsorption sites for H~2~O. The (001) and (011) surfaces have fourfold hollow (4F), bridge (B), and atop (A) sites, while the (111) surface has bridge (B), top (T), face-centered cubic (fcc), and hexagonal close-packed (hcp) sites. Three different adsorption modes^[@ref80]^ were investigated on each surface, one where the H~2~O molecule is parallel to the Pt surface and all three atoms could interact with the surface, the second where one H was turned upward and only the OH could interact with the surface, and the third where one of the H atoms was turned downward to interact with the Pt surface. All three adsorption modes were investigated for each adsorption site shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

Water on metal surfaces is usually believed to be intact, except when coadsorbed with other molecules or atoms.^[@ref82],[@ref83]^ However, a recent DFT study has suggested that a water bilayer on Ru (0001) is half-dissociated, with one O--H bond broken in the dissociated water molecules.^[@ref84]^ In another study of water bilayers on Pt, up to 9% of the H~2~O molecules dissociated.^[@ref34]^ Even though it would be less likely to have a single molecule of water dissociate on the surface, it was still decided to include the (001)~diss~ data for both single adsorption and higher surface coverage. For reasons of comparison, it was also decided to include the most stable dissociation configurations on both the (011) and (111) surfaces. The most stable structures found for the adsorption of the water monomer on top of the Pt surfaces are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, with the bond distances and angles of the adsorbed H~2~O with respect to the Pt surfaces listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

![Lowest energy adsorption sites of H~2~O on Pt (001), (011), and (111) surfaces. Pt (001)~diss~ and Pt (001)~mol~ indicate the adsorption of dissociated and molecular H~2~O, respectively. The atom colors red, white, and gold denote oxygen, hydrogen, and platinum atoms, respectively. The lighter gold color is used to distinguish between the platinum atoms of different layers.](jp9b06136_0012){#fig3}

###### Adsorption Energy (*E*~ads~), Bond Distance (*d*), and Angles (∠) as well as the Simulated Wavenumbers (cm^--1^) of the Fundamental Vibrational Modes of the Adsorbed H~2~O Molecule on the Pt (001), (011), and (111) Surfaces[a](#t2fn1){ref-type="table-fn"}

  parameter           (001)~diss~    (001)~mol~   (011)~diss~    (011)~mol~   (111)~diss~    (111)~mol~   literature
  ------------------- -------------- ------------ -------------- ------------ -------------- ------------ ----------------------------------------------------------------------------
  *E*~ads~ (eV)       --1.758        --1.675      --0.258        --0.699      --0.380        --0.464       
  *d* (Å)                                                                                                  
  O--Pt               2.096          2.311        2.225          2.240        2.169          2.386         
  H--Pt1              2.531          2.831        2.619          3.050        2.591          2.973         
  H--Pt2              2.956, 1.754   2.786        3.292, 1.714   2.430        3.317, 1.873   3.164         
  ∠ (°)                                                                                                    
  H--O--H                            104.55                      103.76                      104.94       104.48[b](#t2fn2){ref-type="table-fn"}
  Pt--O--H            104.55         97.94        102.51         99.40        104.14         97.72         
  ν~asym~ (cm^--1^)   3558           3617                        3620         3572           3684         3756[c](#t2fn3){ref-type="table-fn"}, 3727[d](#t2fn4){ref-type="table-fn"}
  ν~sym~ (cm^--1^)                   3521                        3178                        3574         3657[c](#t2fn3){ref-type="table-fn"}, 3613[d](#t2fn4){ref-type="table-fn"}
  δ (cm^--1^)         1365           1547                        1524         1118           1553         1595[c](#t2fn3){ref-type="table-fn"}, 1552[d](#t2fn4){ref-type="table-fn"}
  Δ*q* (e)            --0.393        0.109        --0.458        0.095        --0.338        0.087         

The presented vibrational modes are the asymmetric stretching (ν~asym~), symmetric stretching (ν~sym~), and bending (δ) modes. Charge transfer (Δ*q*) for H~2~O adsorption on the different Pt surfaces is also given.

Experimental value.^[@ref81]^

Experimental frequency values.^[@ref86]^

Other modeled vibrational data.^[@ref87]^

On the (001) surface, two very different configurations released the largest adsorption energies, that is, dissociated and molecular H~2~O, which will be denoted as (001)~diss~ and (001)~mol~, respectively. In the case of (001)~diss~, the OH group and dissociated H atom sat in the bridge hollow site, with the O--Pt distance at 2.096 Å, hydroxy H--Pt1 distance at 2.531 Å, and hydroxy H--Pt2 distance at 2.956 Å. The H--Pt2 distance for the dissociated H was 1.754 Å. When associatively adsorbed on Pt (001)~mol~, the H~2~O molecule laid parallel to the Pt surface with the H atoms directed toward the bridge hollow position, where the O--Pt distance was 2.311 Å and the H--Pt distances were 2.831 and 2.786 Å for Pt1 and Pt2 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), respectively. The H--O--H angle correlated with experimental values at 104.48°,^[@ref81]^ suggesting that the water was physisorbed.

On the (011) surface, one of the hydrogens of H~2~O is pointing along the direction of the ridge it is adsorbed to, whereas the other H points toward the neighboring ridge, as can be seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The O--Pt distances on the (011) surface are slightly shorter than on the other surfaces, although the H--O--H angle differs by less than 1° from the calculated value for Pt (001). In the dissociated system Pt (011)~diss~, the OH group is bound at the oxygen to the surrounding Pt atoms on the neighboring ridges, following the direction of the valley. The dissociated H atom is bound in a bridge position between two Pt atoms on the ridge, which was also found by Shi and Sun.^[@ref85]^

Similar to the Pt (001)~mol~ adsorption, on the (111) surface, the H~2~O molecule adsorbs flat, with one H atom directed toward a surface Pt (Pt1) and the other in the direction of an fcc Pt (Pt2) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Carrasco and co-workers^[@ref30]^ also showed that the most stable single H~2~O molecule adsorption was parallel atop the Pt atom. In this work, the O--Pt distance was calculated at 2.386 Å, and the H--O--H angle was calculated at 104.94°, while in the literature, the O--Pt distance was reported as between 2.49 and 2.82 Å, depending on the type of dispersion correction method used in the calculations.^[@ref30]^ Similar to our work on the pristine surfaces, Carrasco and co-workers^[@ref30]^ have found that, when either no dispersion correction, opt-PBE, or opt-B88^[@ref29]^ was added, the O--Pt distance correlated with our work, but when revPBE was used, it was overestimated by 15%. The DFT-D3(BJ)^[@ref44],[@ref64]^ method we have used is geometry-dependent and therefore accounts for the coordination number of the adsorbed atoms. Our simulations suggest that water may bind more strongly to the Pt (111) surface than was found previously.^[@ref30]^ Similar to the (001)~diss~ and (011)~diss~ systems, adsorption of the dissociated H~2~O on the (111) surface showed that the OH group is in the bridge position, where the oxygen is bound to two neighboring Pt atoms. The dissociated hydrogen was in a neighboring fcc hollow site, which was also reported as energetically the most stable adsorption manner of hydrogen on the Pt (111) surface by Shi and Sun.^[@ref85]^

The adsorption energy for a single water molecule, *N*~w~ = 1, was calculated to be much larger on the (001) surface than the (011) and (111) surfaces, indicating that adsorption and dissociation are favored on the (001) surface. Carrasco and co-workers^[@ref30]^ reported monomer adsorption energies for the Pt (111) surface between −0.24 and −0.40 eV, again depending on the dispersion correction approximation chosen. These values are in fair agreement with our adsorption energy calculated for the (111) surface, again indicating somewhat stronger binding in this study compared to the literature.^[@ref30]^ Comparing the adsorption energy of the dissociated water on all the surfaces, it can be seen that it was energetically favored on the (001) surface, followed by the (111) and (011) surfaces. As part of the opt-PBE benchmarking, for the adsorption of both molecular and dissociative adsorption of H~2~O, we found the values to be slightly endothermic at 0.108 and 0.098 eV, respectively, which differed by more than 0.5 eV from reported values.^[@ref30]^

[Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} lists the simulated wavenumbers of the fundamental vibrational modes of the adsorbed H~2~O molecule on the (001), (011), and (111) surfaces, which include the asymmetric stretching (ν~asym~), symmetric stretching (ν~sym~), and bending (δ) vibrational modes. For completeness, the data for the dissociated H~2~O adsorptions were also included. For the dissociated H~2~O, we can only report the OH stretching at 3558 cm^--1^, which falls within 100 cm^--1^ for the stretching and bending modes, when we compare our vibrational results with experimentally measured values.^[@ref86]^ Comparing our results with modeled vibrational data, these were again within 60 cm^--1^ for the single H~2~O molecule on Pt (111).^[@ref87]^ Due to the way the dissociated H~2~O adsorbed onto the (011) surface, no OH stretching could be calculated.

From the charge analysis in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, in the case of the dissociated H~2~O, it was observed that electrons between 0.3 and 0.5 e^--^ were transferred from the Pt surfaces to the molecule, whereas in the adsorption of H~2~O on all three surfaces, the molecule provided ∼0.1 e^--^ to the Pt surface. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the isosurfaces of the electron density difference between H~2~O and the Pt surfaces, which was calculated by subtracting the electron density of a pristine Pt surface and that of a single H~2~O molecule from the total electron density of the modeled system using the same geometries. Yellow and blue represent positive (electron-depleted) and negative (electron-gained) electron densities, respectively. As expected, in the (001)~diss~ system, the dissociated H atom was electron-depleted (Δ*q* = 0.623 e^--^) relative to the surrounding Pt atoms, whereas the OH part followed a more complex pattern. However, from the Bader charge of each atom, it was seen that the OH group, as a whole, gained electrons (Δ*q* = −1.016 e^--^). Dissociation on the (111) surface showed similar results, where H was electron-depleted (Δ*q* = 0.639 e^--^) and the OH group gained electrons (Δ*q* = −0.977 e^--^). However, even though the (011) surface follows the same trend, the values differ, with H becoming more electron-depleted (Δ*q* = 1.000 e^--^) and OH gaining nearly another 50% more electron density (Δ*q* = −1.458 e^--^). In contrast, for molecular adsorption, that is, the (001), (011), and (111) systems, electrons were donated from the molecule to the surface, and as also suggested by the positive Δ*q* values from [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, the adsorption energies followed the same trend as the charge transfer values.

![Isosurfaces of the electron density difference between H~2~O and Pt (001), (011), and (111), both for the molecular and dissociative adsorbed systems. Yellow and blue represent positive (electron-gained) and negative (electron-depleted) electron densities with ±0.00098, ±0.00101, and ± 0.00252 e/Å^3^ for the molecular isosurfaces and ±0.00255, ±0.00239, and ±0.00276 e/Å^3^ for the dissociative isosurfaces, respectively, for Pt (001), (011), and (111).](jp9b06136_0013){#fig4}

3.3. H~2~O Surface Coverage {#sec3.3}
---------------------------

To consider the effect of surface coverage, the number of adsorbed H~2~O molecules (*N*~w~) was increased until a monolayer was obtained on all Pt surfaces. The lowest energy configurations for single H~2~O adsorption were used as the initial geometries for the increasing surface coverages. More than 30 configurations for each surface and at different coverages were considered, with the lowest energy configurations shown below. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the geometries of water molecules with increasing coverages of molecularly adsorbed H~2~O until full coverage was reached. As the concentration increased, the adsorbed H~2~O molecules tend to form hexagonal rings when the metal surface allows, as could be expected from the hexagonal structure of water ice I as a result of donor and acceptor hydrogen bonding between water molecules. As already mentioned, owing to the observation of water dissociation on the Pt surface, we considered that it would be interesting to see how H~2~O would behave in its dissociated state when a surface is fully covered, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. However, as the surface coverage increased, the mode of adsorption remained the same; no further dissociation or recombination occurred during the geometry optimizations.

![Molecularly and dissociatively adsorbed H~2~O coverage on the Pt (001) surface.](jp9b06136_0003){#fig5}

Similarly, it was seen on the (011) surface in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} that the adsorption manner of H~2~O did not change as the surface coverage increased. Hydrogen bonds formed between every successive H~2~O, leading to the formation of water strands in the channels of the (011) surface.

![Molecularly adsorbed H~2~O coverage on the Pt (011) surface.](jp9b06136_0004){#fig6}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows the surface coverage on the (111) surface. Compared to the other surfaces, the mode of adsorption changed the most, explaining the formation of penta- or hexagonal rings on the surface. For all the Pt surfaces, it was seen that, if the subsequent H~2~O molecules were situated more than one adsorption site away from each other, then the adsorption geometry stayed the same as for the single molecule, suggesting that they behave as isolated adsorbates. However, if the adsorption sites were next to each other, then the geometry changed: the OH fragment would be parallel to the surface with the second H either pointing toward or away from the surface. At higher coverages (θ \> 0.5), the H~2~O molecules formed hexagonal rings on the surfaces, as reported previously in the literature.^[@ref33],[@ref88],[@ref89]^ More hydrogen bonds between the H~2~O molecules also lead to larger average adsorption energies.

![Molecularly adsorbed H~2~O coverage on the Pt (111) surface.](jp9b06136_0002){#fig7}

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the calculated average adsorption energy as a function of the surface coverage of H~2~O. For Pt (001)~diss~, the value of *E*~ads~ per water molecule decreased with *N*~w~, which indicates that, although adsorption energies per water molecule remain negative, initial adsorption of isolated water was more favorable than higher coverages. In the case of molecular H~2~O adsorption Pt (001)~mol~, *E*~ads~ decreased with *N*~w~ up to 50% surface coverage, after which the adsorption energy stabilized around −0.8 eV/H~2~O. This trend indicates that this surface has a high affinity to adsorb one to four H~2~O molecules and that, even with more H~2~O molecules and a subsequently increase in hydrogen bonds, the energy still plateaued. For both Pt (011) and (111) surfaces, the overall value of *E*~ads~ increased somewhat as *N*~w~ increased, indicating that these two surfaces have the highest affinity for H~2~O adsorption and full coverage. In this case, more water molecules will cover the surface, which could mean that a catalytic reaction, for instance, between SO~2~ and H~2~O could drive the reaction forward to produce more H~2~.

![Average adsorption energy as a function of the H~2~O coverage for the Pt (001), (011), and (111) surfaces.](jp9b06136_0005){#fig8}

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the effect of H~2~O coverage on the surface work function. It can be seen that the trend in the work function is to decrease with increasing surface coverage for all three surfaces. As more H~2~O molecules are adsorbed, more electrons are transferred to the Pt surface, leading to the reduction of the work function. Similarly to our findings, Meng and co-workers^[@ref34]^ reported that the work function decreased from 5.8 to 5.0 when the Pt (111) surface increased its H~2~O coverage up to θ = 0.7.

![Work function (eV) as a function of H~2~O coverage for Pt (001), (011), and (111) surfaces.](jp9b06136_0006){#fig9}

Another measure of the surface reactivity is the position of the d-band center.^[@ref90],[@ref91]^ According to this model, a downward shift with respect to the Fermi level, that is, a smaller d-band center value, leads to the formation of a larger number of conduction states, which can accept electrons from the adsorbed H~2~O molecules. For the pristine surfaces, the d-band center values were in the order of (111) \< (001) \< (011), which is in line with the surface energies. However, after adsorption of more H~2~O molecules, no distinct correlation was found in this instance. Although it has been shown previously that there is a link between the electronic and electrocatalytic properties of transition metals, the relationship between the d-band center and electrocatalytic activity is more complex and does not always show a direct correlation.^[@ref92]^

To distinguish between the two competing processes, dissociation and association (i.e., molecular adsorption), and the most likely adsorption mode to occur, the thermodynamic effect of water coverage on the different Pt surfaces was investigated. [Equation [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} was used to quantify the relationship between the pressure and the chemical potential at different temperatures. In [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a, we plot the H~2~O pressure against the chemical potential at different temperatures, while in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b,c, we present the effect of the coverage on the surface free energies in terms of the chemical potential (μ~w~/eV) for the dissociatively and molecularly adsorbed H~2~O molecules on the Pt (001) surface. The region between the dashed lines represents the chemical potential of the experimental conditions, where the HyS cycle is operated at an ambient pressure of 1 atm and 298--400 K.

![(a) Pressure (log *P*) versus chemical potential (μ~w~) of H~2~O at different temperatures and (b, c) effect of surface energy (Δσ) versus chemical potential as a function of increased coverage for the molecularly and dissociatively adsorbed H~2~O molecules on the Pt (001) surface. The region between the dashed lines represents the experimental conditions for the HyS cycle (1 atm, 298--400 K).](jp9b06136_0007){#fig10}

In [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b, each colored line represents different coverages of the dissociated H~2~O molecule on the (001) surface as a function of the surface energy and chemical potential. Overall, it was found that the pressure did not have a significant effect on the behavior of the surfaces. As the chemical potential decreases, the surface energy increases until total dehydration of the surface occurs. Under the HyS cycle reaction conditions, the (001) surface has a coverage of 2.16 H~2~O·nm^--2^. If the temperature decreases or pressure increases, the surface coverage decreases to 0.72 H~2~O·nm^--2^, but even at low temperatures, the surface does not form a monolayer of dissociated H~2~O.

Similarly, for the molecularly adsorbed water molecules on the Pt (001) surface ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}c), we observe that, as the chemical potential decreases, the surface energy increases. In the experimental region, irrespective of temperature or pressure, the surface coverage was 6.49 H~2~O·nm^--2^, that is, much higher coverage than for the dissociated water molecule. Molecular and ensuing dissociative water adsorptions are, to some extent, competing processes. Although we have considered the processes separately, rather than in a system containing both types of adsorption, the results shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b,c indicate that it is unlikely that all H~2~O molecules on the (001) surface will dissociate. Although dissociation of one H~2~O was favored on the (001) surface, subsequent water adsorption beyond a fairly low coverage is likely to remain bound molecularly. The chemical potential versus surface energy graphs for the (011) and (111) surfaces are displayed in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06136/suppl_file/jp9b06136_si_001.pdf).

![Surface phase diagrams in terms of pressure and temperature for molecular water adsorption at the Pt (001), (011), and (111) surfaces.](jp9b06136_0008){#fig11}

[Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} shows surface phase diagrams, which are constructed by considering the effect of pressure and temperature on the H~2~O coverages. The (001)~mol~ system shows that, under the HyS cycle reaction (experimental) conditions, the surface will have a full coverage. The coverage changes from θ = 1 to 0.22 for temperatures higher than 400 K, and we see that complete desorption occurs at temperatures higher than 850 K. The (011) surface has full coverage at low temperatures, but as the temperature increases, especially in the region between 400 and 450 K, the coverage changes from 1 to 0. In contrast to these two surfaces, the (111) surface has only two surface coverages, either fully hydrated or dry, depending on the temperature. Complete water desorption occurs around 1 atm and 425 K.

Under the HyS cycle reaction conditions, adsorption of water to full coverage will occur on all pristine Pt surfaces. However, if the temperature during an experiment were to increase above 400 K, the water will start to desorb from the surface. Further temperature increases, that is, from 450 K for (011) and (111), and 800 K for (001), will dry out the catalyst, which will make it unsuitable for the electro-oxidation of SO~2~ as no H~2~O will be present. This, in turn, will impact negatively on the efficiency of the HyS cycle. Comparing our results with experimental thermal desorption values, it has been reported that, even at the lowest coverages, water desorbs from the (111) surface in two peaks, 179 and 196 K, and at higher coverages, there are three distinct peaks from physisorbed water, 160--167, 170--171, and 177--180 K, ascribed to multilayer ice, a bilayer region, and a nonbilayer region, respectively.^[@ref93],[@ref94]^

If the surface energies are used to construct nanoparticle morphologies, following the Wulff construction method,^[@ref60]^ we can visualize the effect of the water chemical potential on the Pt nanoparticles ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}). The dry morphology was constructed from the free energies of the surfaces without adsorbed H~2~O molecules. The dry nanoparticle shows all three major Pt surfaces, producing a rhombicuboctahedron structure with 8 truncated triangular (111) faces, 12 truncated (011) faces, and 6 square (001) faces.

![Wulff morphology of Pt nanoparticles: dry and hydrated at a temperature of 0 K and higher than 298.15 K.](jp9b06136_0009){#fig12}

The hydrated Wulff morphologies were constructed using surface free energies, taking both the temperature and pressure of the adsorbed H~2~O into account. Looking at the morphology constructed at 0 K, only the (001) and (111) surfaces are expressed. This truncated octahedron (six square and eight hexagonal faces) was also reported by Shi and Sun^[@ref85]^ at 0 K, where the nanoparticle expressed 86% of the (111) surface and 14% of the (110) surface. Three temperatures (298.15, 400, and 800 K) at *p*~H2O~ = 1 atm were chosen to present the effect of temperature change on the Pt morphology. An increase in temperature changed the Pt morphology to one where only the (111) surface was expressed at all these temperatures, shown as the third octahedron morphology (eight triangular faces) in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}. Zhu and co-workers^[@ref95]^ also utilized the DFT-GGA method to optimize varying sizes of Pt surfaces to construct Wulff morphologies and reported that the vapor pressure and temperature had a significant effect on the shape of the Pt nanoparticle. In another experimental study by Lee et al.,^[@ref96]^ it was seen that colloidal particles of Pt preferentially expressed the (001) and (111) facets. However, in Lee's study, all three Miller indexes were expressed to varying extent in the nanoparticles, depending on the temperature.

4. Conclusions {#sec4}
==============

In this paper, we have used density functional theory calculations to predict the interaction of H~2~O with the Pt (001), (011), and (111) surfaces. It was determined that the DFT-D3(BJ) dispersion method provides the best surface energies and lattice parameter when compared to experimental values. When considering adsorption of an isolated H~2~O molecule, it adsorbs dissociatively on the (001) surface, whereas on both the (011) and (111) surfaces, the H~2~O molecule adsorbs parallel atop the Pt atoms. Bader analysis shows that the molecularly bound H~2~O provides ∼0.1 e^--^ to the Pt surface, while ∼0.4 e^--^ was transferred from the surface to the molecule when it dissociates.

Surface coverage was increased until a monolayer was obtained, where *E*~ads~/H~2~O decreased for the (001) surface as the coverage increased, while for the (011) and (111) surfaces, *E*~ads~/H~2~O increased. Under the conditions at which the HyS reaction takes place, the highest coverage was obtained for the (011) surface, followed by (111) and (001). The Wulff morphology of the Pt nanoparticle showed that, in a dry environment, all three surfaces are expressed. However, in a hydrated environment and with increasing temperature, the percentage of the expressed (001) and (011) faces changes until only the (111) surface is present.

Future work will include the consideration of SO~2~ on various Pt surfaces, as well as a mixture of H~2~O and SO~2~. In addition, we will also investigate the mechanism of the SO~2~ oxidation on the Pt surfaces.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcc.9b06136](http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b06136).Graph showing the d-band center values versus H~2~O coverage on the Pt (001)~diss~, (001)~mol~, (011) and (111) surfaces; and graph showing the effect of surface energy versus chemical potential as a function of increased coverage for Pt (011) and (111) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06136/suppl_file/jp9b06136_si_001.pdf))
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